2þ sensor a b s t r a c t
Introduction

Elevations in intracellular
to interact with and regulate effectors such as ion channels, enzymes, and transcription factors (Chin and Means, 2000) .
Yet, CaM is but one of many Ca 2þ sensors in the nervous system.
Multiple CaBP family members are expressed in the cochlea (Cui et al., 2007; Yang et al., 2006) of which CaBP1 and CaBP2 are the most abundant (Yang et al., 2016) . In heterologous expression systems, CaBP1 and CaBP2 strongly potentiate the function of voltage-gated Ca v 1.3 Ca 2þ channels by suppressing voltage-and/or Ca 2þ -dependent inactivation (Cui et al., 2007; Picher et al., 2017; Yang et al., 2006) . This effect of CaBPs may be physiologically relevant since Ca v 1.3 channels mediate the release of glutamate at the inner hair cell (IHC) synapse and show much less Ca 2þ -dependent inactivation in IHCs than in recombinant systems (Koschak et al., 2001; Platzer et al., 2000) . CaBP2 is highly expressed in IHCs (Picher et al., 2017; Yang et al., 2016) , and mutations in the gene encoding CaBP2 cause autosomal recessive hearing loss in humans (Picher et al., 2017; Schrauwen et al., 2012) . Within the cochlea, CaBP1 is most highly expressed in spiral ganglion neurons (SGNs) and possibly satellite glial cells, which do not express CaBP2 (Yang et al., 2016) . Based on their differences in expression within the cochlea, we hypothesized that CaBP1 and CaBP2 may have distinct roles in peripheral auditory function.
To test this, we analyzed the function of SGNs and ascending auditory pathways of mice lacking expression of CaBP1 or CaBP2 by measuring auditory brainstem responses (ABRs) and assessed the function of outer hair cells (OHCs) by measuring distortion product otoacoustic emissions (DPOAEs). In addition, we performed electrophysiological recordings of SGNs and cochlear IHCs to probe the cellular mechanism underlying the auditory phenotype of CaBP1 KO mice.
Materials and methods
Animals
All experiments were performed in accordance with guidelines set by the Office of the Institutional Animal Care and Use Committee at the University of Iowa and University Medical Center G€ ottingen. The procedures used in this study are not expected to produce pain or suffering in the animals. Generation of CaBP1 KO mice (RRID: MGI: 5780462) and CaBP2 KO mice was described previously Sinha et al., 2016) . Mice were maintained on a C57BL/6N (for CaBP1 KO) or C57BL/6J (for CaBP2 KO) background strains and housed in groups on a standard 12:12 h light: dark cycle, with food and water provided ad libitum. Mice from post-natal days (P) 16e23, 4-week, 9-week and 6-month of mixed sexes were used in this study.
ABRs and DPOAEs
Mice were anesthetized with an intraperitoneal injection of ketamine/xylazine/Acetopromazine (100, 15 and 5 mg/kg body weight, respectively) before all experiments. Body temperature was maintained with a heating pad. All recordings were completed in a custom-made soundproof acoustic chamber using a Tucker-Davis (TDT) BioSig System III (Tucker-Davis Technologies, Alachua, FL).
The ABR in response to tone-pips with duration of 5 ms and gated time of 0.5 ms, presented at rate of 21/s and at frequencies of 8, 16, 32 kHz, alternative polarities, was recorded with subcutaneous platinum needle electrodes placed at the vertex (non-inverting input), behind the ear being recorded (inverting input), and a ground electrode at the low back area. Stimulus sound was delivered to the external auditory meatus of a mouse through a custommade insertion tube connected to the MF1 speaker. The acquisition time was 12 ms at sampling rate of 25,000/s with a band-pass filter between 300 and 3000 Hz. The signals are averaged by 128e1024 sweeps. The threshold was determined as the lowest stimulus intensity (dB SPL) which produced 2e3 replicable ABR waveforms. Wave I amplitude was defined as I n -I p (latency 1e2.2 ms). Quantitative analysis of ABR amplitudes was determined by customwritten routines in Excel (Microsoft). DPOAE stimuli were digitally synthesized using SigGen software applications. Stimulation of two primary tones f1 and f2 (frequency f2/f1 ¼ 1.2) was presented at the same intensity ranging from 40 to 80 dB SPL in 10 dB SPL increments. The stimuli were calibrated in a 0.1-mL coupler simulating the mouse ear canal. Sound pressure was recorded with an ER10B þ Low Noise microphone and probe (Etymotic) housed in the same coupler as the f1 and f2 speakers. DPOAE amplitudes at 2f1-f2 were measured automatically with SigGen. Noise floor was determined as the baseline amplitude around the 2f1-f2 (average amplitude of the first five points before and first five points after 2f1-f2). Since there was significant decrease in noise floor in CaBP2 KO mice compared with WT mice, the difference between the DPOAE amplitude and the noise floor was plotted for each genotype.
Electrophysiology
Dissociated SGN cultures were prepared according to a previously described protocol (Lv et al., 2012) with modification. Briefly, cochlear tissue was dissected from P16-23 mice in Ca 2þ /Mg 2þ -free
Hank's Balanced Salt Solution (HBSS) and digested in an enzyme mixture containing collagenase type I (1 mg/mL, ThermoFisher 17100) and DNase I (1 mg/mL, Sigma DN25) at 37 C for 25 min. After gentle triturations, the cells were plated on poly-L-ornithine/ laminin-coated coverslips in Nunclon 4-Well PS MultiDish (Thermo Scientific). SGNs were maintained in Neurobasal-A culture media supplemented with 2% B27 (v/v), 2 mM L-glutamine, 1x penicillinStreptomycin, 25 ng/mL BDNF (Sigma B3795) and 25 ng/mL NT3 (Sigma N1905). All media and supplement were from Gibco™ unless noted otherwise. About 24e72 h after plating SGNs, whole-cell patch clamp recordings were performed at room temperature. Electrodes (2e4 MU) were pulled from borosilicate glass and were filled with solution containing the following (in mM): 150 KCl, 10 HEPES, 10 Dglucose, pH 7.3. The external solution contained (in mM): 145 NaCl, 6 KCl, 1 MgCl 2 , 2 CaCl 2 , 10 D-glucose, and 10 HEPES, pH 7.3. The series resistance was monitored during the course of the experiments and the liquid junction potential (-3 mV) were measured and corrected. As described previously (Lv et al., 2012 (Lv et al., , 2014 , a stable giga-ohm seal was established for at least 5 min before data collection.
For patch-clamp recordings of IHCs, CaBP1 KO and WT control mice (P17-22) were used. The apical cochlear turns were dissected in HEPES Hank's solution containing (in mM): 5.36 KCl, 141.7 NaCl, 1 MgCl 2 , 0.5 MgSO 4 , 10 HEPES, 11.1 D-glucose and 3.42 L-glutamine, pH: 7.2. IHCs from the middle/basal part of the apical turn were patch-clamped in the perforated-patch configuration. The pipette solutions contained (in mM): 130 Cs-gluconate, 10 TEA-Cl, 10 4-AP (4-aminopyridine; Merck KGaA), 1 MgCl 2 , 10 HEPES, 300 mg/mL amphotericin B (Merck KGaA), pH 7.17,~290 mOsm. The extracellular solutions contained (in mM): 111 NaCl, 35 TEA-Cl, 2.8 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES, 1 CsCl, 0.1 apamin (PeptaNova GmbH, Sandhausen, Germany), 11.1 D-glucose, pH 7.2,~300 mOsm. All chemicals were obtained from Sigma-Aldrich unless stated otherwise. Recordings were done at room temperature with an EPC-9 amplifier controlled by Pulse software (HEKA).
To measure Ca 2þ current inactivation in IHCs, 500-ms depolarizations to À14 mV were used. Membrane capacitance changes (DC m ) were measured as previously described (Moser and Beutner, 2000) . Data were averaged 400 ms before and after depolarization, skipping the first 100 ms after depolarization. Depolarizations (2e100 ms duration) consisted of voltages evoking peak Ca 2þ current amplitudes at intervals of 30e120 s as well as trains of depolarizations (20 10-ms long depolarizations at 1/ 114 ms-1 ). All voltages were corrected for liquid junction potential (À14 mV) and data were analyzed with Igor Pro (Wavemetrics Inc.) software. For statistical analysis, data were tested for randomness, normality (Jarque-Bera test), and equality of variances (F-test), and compared for statistical significance using Student's t-test or Wilcoxon's rank-sum test, as appropriate.
Quantitation of inner hair cell synapses
Mice (9-week-old) were anesthetized with isoflurane and decapitated. Inner ears were quickly removed from the skull to icecold PBS. Round and oval windows were opened, and the bone over the apex of the cochleae was removed. Cochleae were fixed in 4% PFA in PBS for 10 min with gentle agitation. After de-calcification in 10% EDTA in PBS for 24 h, the cochleae were dissected and processed for immunofluorescence. The tissue was blocked for 1 h with Fig. 1 . DPOAEs are not affected in CaBP1 KO mice. DPOAEs were measured in 4-week-old (A), 9-week-old (B) and 6-month-old (C) mice. For each mouse, only the right ear was recorded. Points connected by dashed lines represent the noise floor, which was calculated by averaging the amplitude five points before and five points after frequency 2F2 -F1. Left, Mean 2F2-F1 DPOAE amplitudes ± SEM at F2/F1 ¼1.2 plotted against the geometric mean of F1 and F2. The two tones (F2/F1 ¼1.2) were applied at the same amplitude at 70 dB SPL. There was no significant difference between WT and CaBP1 KO mice (F(1,56) < 0.01, p ¼ 0.95 for 4-week, n ¼ 8 WT, 8 CaBP1 KO mice; F(1,48) ¼ 3.60, p ¼ 0.064 for 9-week, n ¼ 7 WT, 7 CaBP1 KO mice; F(1,32) ¼ 1.37, p ¼ 0.25 for 6-month, n ¼ 4 WT, 6 CaBP1 KO mice, each by 2-way ANOVA). Right, mean DPOAE amplitudes ± SEM for F2 at 16 kHz was plotted against the stimulus intensity (L1 ¼ L2). There was no significant difference between WT and CaBP1 KO mice (F(1,70) ¼ 0.396, p ¼ 0.53 for 4-week, F(1,84) ¼ 3.03, p ¼ 0.09 for 9-week, F(1,40) ¼ 1.19, p ¼ 0.29 for 6-month, each by 2-way ANOVA). . ABR thresholds are increased with age in CaBP1 KO mice. ABRs were measured in 4-week (A), 9-week (B) and 6-month (C) old mice. Left, representative traces from ABRs using 8 kHz, 90 dB SPL stimulus. Right, ABR thresholds are plotted for 8-, 16-, and 32-kHz stimuli. Both left and right ears were measured separately. Each data point represents the average threshold from one mouse and bars represent mean ± SD. (A) Left, traces are from WT and CaBP1 KO mice with the same threshold (45 dB SPL). Right, There was no difference in ABR thresholds in 4-week old CaBP1 KO and WT mice at 8 kHz (44 ± 8 dB SPL for CaBP1 KO vs. 48 ± 12 dB SPL for WT), 16 kHz (32 ± 8 dB SPL for CaBP1 KO vs. 29 ± 9 dBSPL for WT), or 32 kHz (81 ± 14 dB SPL for CaBP1 KO vs. 69 ± 21 dB SPL for WT). F(1, 75) ¼ 1.524, p ¼ 0.221, by 2-way ANOVA; n ¼ 10 WT, 10 CaBP1 KO mice. (B) Left, Representative traces were from WT and CaBP1 KO mice with the same threshold (35 dB SPL). Right, By 9 weeks of age, the threshold was not different between genotypes at 8 kHz (35 ± 0 dB SPL for both) or 16 kHz (19 ± 7 dB SPL for CaBP1 KO vs. 20 ± 5 dB SPL for WT), but was significantly greater at 32 kHz in CaBP1 KO mice (88 ± 12 dB SPL) than in WT mice (67 ± 24 dB SPL). Interaction F(2,45) ¼ 4.852, p ¼ 0.012 by 2-way ANOVA; by post hoc Bonferroni's multiple comparisons test, t(45) ¼ 3.713, p ¼ 0.002 at 32 kHz; n ¼ 8 WT, 9 CaBP1 KO mice). (C) Left, Representative traces were from mice with thresholds of 45 dB SPL for WT and 70 dB SPL for C-KO mice. Right, By 6 months, thresholds were elevated in CaBP1 KO mice at 8 kHz (70 ± 23 dB SPL for CaBP1 KO vs. 43 ± 7 dB SPL for WT) and at 16 kHz (77 ± 12 dB SPL for CaBP1 KO vs 48 ± 9 dB SPL for WT) but not at 32 kHz (105 ± 1 dB SPL for CaBP1 KO vs. 98 ± 5 dB SPL for WT). Interaction F(2, 66) ¼ 6.114, p ¼ 0.004 by 2-way ANOVA; by post hoc Bonferroni's multiple comparisons test, t(66) ¼ 5.516, p < 0.001 for 8 kHz, t(66) ¼ 5.947, p < 0.001 for 16 kHz; n ¼ 12 WT, 12 CaBP1 KO mice).
blocking buffer, and incubated with primary antibodies diluted in blocking buffer for 24e36 h at 4 C (CtBP2, 1:200, BD Biosciences Cat# 612044 RRID:AB_399431; GluR2/3, 1:200, Abcam Cat# ab52896 RRID:AB_880229). After washing in PBS, the tissue was incubated with secondary antibodies Alexa 488 (1:500, Cat# A-11017, RRID:AB_2534084) and Alexa 568 (1:500; Cat# A21069, RRID:AB_10563601, both from Thermo Fisher Scientific) for 1 h at room temperature. After washing 3 times with PBS, the cochleae were mounted in glycerol and imaged with a confocal laser scanning microscope (Olympus Fluoview 1000) using a 60X oilimmersion objective and FluoView software (RRID: SCR_014215). In confocal z-stacks of images, the number of synapses per inner hair cells was determined as the number of structures with juxtaposed CtBP2-and GluR2/3-labeling divided by the total number of inner hair cell nuclei which were also labeled by CtBP2 antibodies. Assignment of synapse counts to cochlear regions corresponding to tonotopic frequencies (8, 16, and 32 kHz) was estimated according to position along the length of the cochlea based on data from Meyer et al. (2009) .
Experimental design and statistical analysis
For all the experiments, males and females were used. Whenever possible, WT and CaBP1 KO samples were prepared and analyzed in parallel. Statistical analysis was done with Graphpad Prism software 7 (RRID: SCR_002798). An alpha level of 0.05 was used for all statistical tests. Data were first tested by Shapiro-Wilk normality test. If the data were normally distributed, unpaired ttest or ANOVA with post hoc Bonferroni's multiple comparisons test was performed. Otherwise, Kolmogorov-Smirnov test, BrowneForsythe test, or polynomial curve fitting was performed. For 2-way ANOVA, the main effects were reported if there was no significant interaction, and post hoc analysis was performed on the main effects that had more than two levels. Otherwise, post hoc tests were performed and simple main effects were reported using adjusted p value for multiple comparisons. Brown-Forsythe test was performed with R (R Project for Statistical Computing). Three significant digits for p values were reported. Error bars represented standard deviation (SD) for scatter plots, and standard error of the mean (SEM) for the rest of the graphs. 
Results
DPOAEs are not altered but ABR thresholds are elevated in CaBP1 KO mice
Alternative splicing results in 3 CaBP1 variants (CaBP1-S, CaBP1-L, and caldendrin), of which caldendrin is most abundant in the cochlea (Yang et al., 2016) . To investigate the auditory function of CaBP1, we used mice that lack expression of all 3 CaBP1 splice variants . Based on the expression of CaBP1 in IHCs and OHCs (Yang et al., 2016) , we expected that ABR thresholds might be impacted in CaBP1 KO mice. To isolate the effect of CaBP1 knockdown on OHCs, we analyzed DPOAEs in which the function of OHCs in the electromechanical amplification of sound can be assessed. In mice at age 4 weeks, 9 weeks, and 6 months, DPOAEs were measured in response to stimuli consisting of two primary tones of distinct frequency (f1 and f2, f2/f1 ¼1.2). DPOAE amplitudes were measurable above the noise floor and across frequencies, and not significantly different between WT and CaBP1 KO mice at all ages tested (Fig. 1) . We next compared ABRs in WT and CaBP1 KO mice using stimuli consisting of brief tone pips of different frequencies and intensities. Comparisons of representative ABRs from WT and CaBP1 KO mice are shown in Fig. 2AeC . While ABR thresholds were generally not affected in younger CaBP1 KO mice (Fig. 1A and B), they were slightly elevated above WT levels by 6 months of age (Fig. 2C) . Thus, OHC function is not affected in CaBP1 KO mice.
Auditory nerve responses are augmented in CaBP1 KO mice
Within the cochlea CaBP1 is most abundant in the spiral ganglion (Yang et al., 2016) , which contains the cell bodies of SGNs that transmit acoustic information from IHCs to the brainstem via the auditory nerve. Based on this localization, we expected that CaBP1 KO mice might have defects in evoked auditory nerve activity. To test this, we scrutinized ABRs of CaBP1 KO mice for alterations in wave I, which represents the summed activity of auditory nerve axons in response to auditory stimulation. In 9 week-old CaBP1 KO mice, wave I was greater in amplitude and shorter in latency when using 8 kHz and 16 kHz tone pips compared to WT mice ( Fig. 3A and  B) . The interval between the positive (P1) and negative (N1) components of wave I, which represents the decay of the population SGN response (Hall, 2007) , was significantly shorter in CaBP1 KO than WT mice (Fig. 3C) . This result implies greater synchrony among auditory nerve fibers, which can account for the increased wave I amplitudes in CaBP1 KO mice.
The number of IHC synapses is normal in CaBP1 KO mice
The alterations in wave I of CaBP1 KO ABRs could also result from increased IHC synaptic transmission from IHCs to SGN afferents, due to more numerous IHC synapses in the cochlea of CaBP1 KO mice. To investigate this possibility, we counted IHCs synapses in the cochleae of 9-week old WT and CaBP1 KO mice that were double-labeled with antibodies against CtBP2 and GluR2/3 to delineate the presynaptic and postsynaptic, respectively, sides of the IHC synapse. The tonotopic position of synapses was estimated according to position along the length of the cochlea (Meyer et al., 2009) . By this method, the number of IHC synapses was not significantly different in CaBP1 KO and WT mice in the cochlear locations corresponding to the ABR test frequencies ( Fig. 4 ; F(1,34) ¼ 0.6734, p ¼ 0.4176 by two-way ANOVA).
Ca 2þ channel function and exocytosis is normal in CaBP1 KO
IHCs
The wave I abnormalities in CaBP1 KO ABRs could also be due to changes in presynaptic Ca 2þ influx in IHCs that would lead to enhanced Ca 2þ -triggered exocytosis of glutamate at the active zones of IHCs. To test this, we performed perforated-patch clamp Synapses were defined as red and green puncta that were apposed to each other. The number of total synapses was divided by number of CtBP2-labeled nuclei and plotted for cochlear regions corresponding to the indicated frequencies. For each frequency region, synapses associated with 10e20 IHCs were counted (30e60/cochlea). Points represents synapses/IHC per sample (from n ¼ 8 WT and n ¼ 8 CaBP1 KO mice); error bars represent SD. By 2-way ANOVA, there were no significant differences between synapses/IHC in WT and CaBP1 KO mice at 8 kHz (14 ± 1 for CaBP1 KO vs. 15 ± 1 for WT), 16 kHz (17 ± 1 for CaBP1 KO vs. 17 ± 1 for WT), or 32 kHz (16 ± 1 for CaBP1 KO vs. 15 ± 2 for WT). By 2-way ANOVA, there was a significant effect of frequency on the number of synapses/IHC (F (2,38) ¼ 21.51; p < 0.0001) but no effect of genotype (F (1,38) ¼ 0.10; p ¼ 0.75). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) recordings of IHCs to measure whole cell Ca 2þ currents (I Ca ) and changes in membrane capacitance (DC m ) reflecting exocytosis of synaptic vesicles. In these experiments, I Ca amplitudes and voltagedependence of activation were comparable in IHCs of the CaBP1 KO and age-matched control mice upon short depolarizations to different potentials (Fig. 5A) . Inactivation of I Ca during 500-ms long step depolarizations to À14 mV was also not affected in CaBP1 KO IHCs (Fig. 5B) . Finally, there were no significant differences in DC m evoked by single 2e100-ms long (Fig. 5D ) or repetitive short depolarizations (Fig. 5E ) in control and CaBP1 KO IHCs. Taken together, these results suggest that the observed changes in wave I in ABRs of CaBP1 KO mice are most likely due to effects downstream of the IHC ribbon synapse.
Input resistance is decreased in CaBP1 KO SGNs
To test if the alterations in auditory nerve activity could result from heightened excitability of C-KO SGNs, we performed wholecell current clamp recordings of SGNs in cultures prepared from hearing mice (P16-23). We analyzed separately SGNs that were rapidly adapting (Fig. 6AeD ) and slowly adapting (Fig. 6EeH ) based on previously described criteria (Lv et al., 2012) . In these experiments, there was no difference in resting membrane potential or action potential (AP) threshold, latency, or amplitude between WT and CaBP1 KO SGNs (Table 1) . However, there was less variance in the half-width of the threshold-evoked AP in rapidly and slowly adapting neurons from CaBP1 KO than from WT mice (Fig. 6C,G) . When the data from slowly adapting and fast-adapting neurons were combined, there was a trend towards shorter AP half-widths in CaBP1 KO than in WT SGNs although this did not reach statistical significance (Kolmogorov-Smirnov D ¼ 0.347, p ¼ 0.093). The input resistance, estimated from the slope of the linear fit of the current versus steady-state voltage relationship, was slightly but significantly smaller in CaBP1 KO SGNs (Fig. 6D,H) . Reducing the input resistance should decrease the response latency and speed AP kinetics, and therefore could contribute to the more consistent AP durations and the distinctions in CaBP1 KO ABRs: shorter ABR wave I latency and more synchronized firing of auditory nerve fibers.
ABRs indicate progressive hearing loss in CaBP2 KO mice
We next analyzed ABRs and DPOAEs of CaBP2 KO mice. These mice were generated by replacing exons 1 and 2A with tdTomato and PGK neo cassette as well as stop codons in all 3 reading frames of exon 2B, which should prevent expression of all CaBP2 splice variants (Sinha et al., 2016) . In contrast to the normal ABRs of 4 week-old CaBP1 KO mice ( Fig. 2A) , ABR thresholds at 8 and 32 kHz were elevated in CaBP2 KO mice at this age (Fig. 7A ). By 9 weeks of age, ABR threshold elevations became significant in the midfrequency range of CaBP2 KO mice (Fig. 7B) . Thus, CaBP2 KO mice exhibit hearing loss that is more severe and earlier in onset as compared to CaBP1 KO mice.
DPOAEs indicate age-related impairment in OHC function
In contrast to CaBP1 KO mice (Fig. 1 ), DPOAEs were significantly affected in CaBP2 KO mice. Although normal at 4 weeks of age, DPOAE amplitudes were significantly reduced in 9-week old CaBP2 KO mice particularly in the mid-frequency range and in response to high-intensity stimuli (Fig. 8) . These results suggest that unlike in CaBP1 KO mice, the function of the OHCs and/or cochlear amplifier is impaired in CaBP2 KO mice.
Discussion
Role of CaBP1 in hair cells
The complex auditory phenotype of CaBP1 KO mice is consistent with the expression of CaBP1 in multiple cochlear cell-types (Yang et al., 2016) . By in situ hybridization, we previously found that the shorter CaBP1 splice variants (CaBP1-S and/or CaBP1-L) were expressed in both IHCs and OHCs (Yang et al., 2016) . DPOAEs, which reflect the function of OHCs, were normal in CaBP1 KO mice (Fig. 1) . Thus, the elevated ABR thresholds in older CaBP1 KO mice may result from defects in IHCs and/or in SGNs rather than OHCs. How CaBP1 might contribute to the function of IHCs is unclear. In transfected cells, CaBP1 strongly suppresses Ca 2þ -dependent inactivation of Ca v 1.3 channels (Cui et al., 2007) , which are the major presynaptic Ca 2þ channels regulating exocytosis in IHCs (Brandt et al., 2003; Platzer et al., 2000) . Thus, loss of CaBP1 would be expected to increase I Ca inactivation, and possibly decrease evoked exocytosis, in IHCs. However, patch clamp recordings of CaBP1 KO IHCs revealed no changes in the properties of the wholecell I Ca or exocytosis (Fig. 5) . While this result might stem from the compensatory effects of other CaBPs such as CaBP2 (Cui et al., 2007; Picher et al., 2017; Schrauwen et al., 2012) , the importance of CaBP1 in regulating IHC function may depend on its interactions with targets other than Ca v 1.3. These include calmodulin-dependent protein kinase II (Haeseleer et al., 2000) and AKAP79/150 (Gorny et al., 2012) . In addition, CaBP1 inhibits inositol trisphosphate receptors (Haynes et al., 2004; Kasri et al., 2004) , which are highly expressed in IHCs (Liu and Yang, 2015) . Understanding the role of CaBP1 in IHCs is an important challenge for future studies.
Role of CaBP1 in the spiral ganglion
The increased amplitudes and shorter latencies of wave I in CaBP1 KO ABRs can be explained by the decreased input resistance (Fig. 6D,H ) and subsequent shortening of the membrane time constant in CaBP1 KO SGNs. Moreover, decreased latency in the population of auditory nerve fibers could result in greater synchrony among them and hence increased wave I amplitude. This possibility is supported by the observed decreased P1-N1 interval (Fig. 3C) . A possible cause of the decreased input resistance in CaBP1 KO SGNs could be enhanced opening of voltage-gated K þ channels (Mo et al., 2002) . In addition to its effects on Ca v 1 channels, CaBP1 strongly inhibits Ca v 2.1 (P/Q-type) channels (Lee et al., 2002) that are also expressed in SGNs (Chen et al., 2011) . Since blockade of Ca v 2.1 channels decreases the amplitude and increases the latency of SGN APs (Lv et al., 2012) , enhanced function of Ca v 2.1 channels in CaBP1 KO SGNs would be expected to facilitate SGN firing and therefore could also contribute to the alterations in wave I in CaBP1 KO ABRs (Fig. 3) .
CaBP2 is required for hair cell function
Unlike CaBP1, CaBP2 is not expressed in the brain (Haeseleer et al., 2000) . Moreover in the cochlea, CaBP2 is only detected at the mRNA level in hair cells (Yang et al., 2016) . In neonatal (~P7) mice, CaBP2 expression is restricted to IHCs, with comparatively weaker expression in OHCs becoming evident in older mice (Picher et al., 2017; Yang et al., 2016 (Picher et al., 2017 ) with some differences. While we found ABR thresholds to be elevated in the low-and high-frequency range in our CaBP2 KO mice at 4 weeks of age (Fig. 7A ), CaBP2 LacZ/LacZ mice show significant threshold elevations in the mid-frequency range at this age (Picher et al., 2017) . Moreover, CaBP2 LacZ/LacZ mice did not show any alterations in DPOAEs (Picher et al., 2017) , in contrast to the compromised DPOAEs in our CaBP2 KO mice at 9 weeks of age (Fig. 8B) . Possible explanations for these discrepancies involve differences in gene targeting strategies and background mouse strains. In this context, it is noteworthy that human mutations cause variable OHC phenotypes as measured in transient evoked otoacoustic emissions (TEOAs) (Picher et al., 2017; Schrauwen et al., 2012) ). Thus, loss-of function of CaBP2 may differentially impact OHC function depending on genetic modifiers, and/or other influences. The auditory phenotype of our CaBP2 KO mice is consistent with that of humans bearing a splice-site mutation in CaBP2 causing sensorineural hearing loss. Affected individuals exhibit hearing loss that is most severe in the mid-frequency range and a lack of TEOAEs (Schrauwen et al., 2012) suggestive of OHC dysfunction. Although a role for CaBP2 in suppressing voltage-dependent inactivation of Ca v 1.3 channels in IHCs of CaBP2
LacZ/LacZ mice has been demonstrated (Picher et al., 2017) , the function of CaBP2 in OHCs remains to be elucidated. Ca v 1.3 channels are also expressed in OHCs (Michna et al., 2003) , where they may regulate exocytosis that can activate type II afferent neurons (Weisz et al., 2012) . Based on the modulation of Ca v 1.3 by CaBP2 in transfected cells (Schrauwen et al., 2012) , CaBP2 may prolong I Ca in OHCs which may maximize rates of OHC exocytosis and strengthen synaptic transfer to type II afferents. Alternatively, CaBP2 may regulate Ca 2þ signaling pathways that influence the electromotile and sound-amplifying properties of OHCs (Dulon et al., 1991) as has been proposed for the Ca 2þ binding protein oncomodulin which is also necessary for OHC function (Tong et al., 2016) . A technical consideration is that our CaBP KO mouse lines were bred on different genetic backgrounds: C57BL/6N (for CaBP1 KO) or C57BL/6J (for CaBP2 KO). These background strains show differences in auditory function (Kendall and Schacht, 2014) (but see (Simon et al., 2013) ), so it is possible that the genetic background may influence the impact of CaBP knockdown. For this reason, we have avoided direct comparisons of the roles of CaBP1 and CaBP2 in the inner ear based in our study.
Conclusions
In this study, we demonstrate that CaBP1 and CaBP2 are required for the normal function of the peripheral auditory system. Loss of CaBP1 modestly increases ABR thresholds only in older mice but has a profound effect in enhancing auditory nerve synchrony, as indicated by the increased amplitude, shorter latency, and decreased width of wave I in ABRs of CaBP1 KO mice. Loss of CaBP2 causes significant ABR threshold elevations and depressed DPOAE amplitudes that become more severe with age in the midfrequency range. Our findings advance our understanding of the physiological functions of CaBP family members, and provide insight into how dysregulation of such Ca 2þ sensors can lead to hearing impairment.
